The mound-building mouse (Mus spicilegus) and house mouse (Mus musculus domesticus) are closely related species that exhibit putative characteristics of social monogamy and mate-defense polygyny, respectively. Social behaviours and group composition in these species have been well studied in the laboratory under controlled conditions, and the purpose of our study was to examine conclusions drawn from laboratory data in less constrained seminatural enclosures. Specifically, we examined spatial associations and disassociations, which we used as indices of attraction and avoidance, respectively, in both species of mice. In each enclosure and for each species, we introduced small treatment groups of either 2 or 3 female kin (sisters) or 2 or 3 unrelated females, along with an equal number of unrelated males. Initial group composition and physical environments in our enclosures were similar for the two species, therefore we preformed a modified "common garden" experiment. We expected genetically based behavioural differences between species to be revealed. Mound-building mice exhibited strong spatial associations of male-female pairs, and also exhibited spatial avoidance of some of the other mice. House mice exhibited strong female groups of close kin that were significantly associated in space, but this species showed little spatial avoidance compared with moundbuilding mice. Our results support the idea of social monogamy in mound-building mice, where close reproductive associations of a paired male and female have been hypothesized from laboratory data. Our results also support more extensive evidence suggesting mate-defense polygyny in house mice.
Introduction
Mating systems of mammalian species range from highly polygynous to monogamous (e.g., Emlen and Oring 1977; Wittenberger 1979) . The distinction between polygyny and monogamy goes well beyond the number of mates acquired; it involves fundamental differences in cooperative and competitive behaviours. In polygynous species, males frequently defend either their mates or the resources that females require for successful reproduction (termed mate-defense and resource-defense mating systems by Emlen and Oring 1977) . Polygynous males frequently contribute little to reproduction once mating is completed (Trivers 1972) . Monogamous species, on the other hand, often exhibit strong reproductive cooperation between males and females that lasts at least until the young are independent of the mother (e.g., Dewsbury 1981) .
Such social and behavioural differences between monogamy and polygyny sometimes occur between closely related species (e.g., monogamous Microtus ochrogaster versus polygynous Microtus pennsylvanicus; Getz and Carter 1980; Ostfeld 1985 Ostfeld , 1990 Oliveras and Novak 1986; Carter and Getz 1993) . In such cases it is reasonable to expect that interspecific behavioural differences might reflect different genotypes rather than different responses of similar genotypes to different environments. However, because the social environment of monogamous species differs from that of polygynous species under natural conditions, it is difficult to test for the potential influence of genetic differences. For such a test, closely related species would have to be compared under similar ecological and social conditions (e.g., similar habitat and group composition) in a "common garden" experiment. Common garden experiments are commonly used to identify genetic differences among plant ecotypes or species (e.g., reviews in Bradshaw 1965; Schlichting 1986) , but the technique is seldom used to test for genetic differences in behavioural characteristics of closely related animal species. Laboratory studies can provide such tests, but inferences are difficult to make, owing to the constrained and restrictive conditions of laboratory environments. Experiments in seminatural outdoor enclosures provide an alternative way to study species that are difficult to observe directly in nature.
The purpose of our study was to examine differences in spatial association between a putative socially monogamous species, the mound-building mouse (Mus spicilegus), and the polygynous house mouse (Mus musculus domesticus) under initially similar environmental and social group conditions in seminatural field enclosures. Mound-building mice exhibit many of the behaviours of monogamous small mammal species. They exhibit reproductive cooperation between paired males and females in the laboratory Baudoin 1998, 2000) . In seminatural enclosures, mound-building mice form reproductive pairs and produce litters that exhibit single maternity and paternity (Sokolov et al. 1998; Baudoin et al. 2 ). In the field, more than one adult female might inhabit a single mound, and such females might be close kin (Garza et al. 1997) . In comparison, commensal house mice exhibit behaviours typical of mate-defense polygyny. Males are generally agonistic towards each other and highly territorial (Davis 1958; Crowcroft and Rowe 1963; Reimer and Petras 1967; Bronson 1979; Mackintosh 1981) . Females may also be agonistic, but they often form small groups that nest communally and nurse their young indiscriminately (e.g., Saylor and Salmon 1969; König 1989; Manning et al. 1992; Dobson et al. 2000) . Close kinship may be important to the formation of cooperative groups of adult females (Wilkinson and Baker 1988; Manning et al. 1992; Dobson et al. 2000) .
We compared spatial associations of male and female mound-building mice versus house mice in seminatural enclosures. Because the same enclosures were used, many aspects of the physical environment were identical. An attempt was made to equalize the social environment as well, by starting the enclosures off with mice that were roughly equal in number and sex for both species. The two species were monitored in the same manner and during the same seasons of the year, although for logistic purposes each species was studied in a different year. Two treatments were applied to both species: introduced females were either sisters (i.e., close kin) or very distantly related to one another. Under these treatments we examined whether spatial association or spatial avoidance was expressed within either or both species. From previous knowledge of the mating system and society of the species, we predicted that putatively monogamous mound-building mice would form spatially segregated pairs of males and females, regardless of female kinship. We further predicted that putatively polygynous house mice would form associations of females in which sisters would predominate, with or without attending males.
Methods

Subjects
Wild-caught mound-building mice were collected around Pancevo, Yugoslavia, and house mice were collected in Denmark by Francois Bonhomme and his colleagues (Centre National de la Recherche Scientifique (CNRS), Montpellier, France). The house mice were trapped near a hybrid zone between M. m. domesticus and Mus musculus musculus. Both mound-building mice and house mice were maintained in the laboratory, first in Montpellier and then at Université Paris-Nord, for 18 and 20/21 generations, respectively. Mus spicilegus were brought to Université Paris-Nord in 1993 at generation 12 and M. m. domesticus were brought to Université Paris-Nord in 1994 at generation 15. Mice were paired in a manner that ensured avoidance of close inbreeding (viz. pairs were always more distantly related than cousins). Male and female littermates were separated at weaning and female mice were housed together afterwards. Mice were housed in standard polycarbonate cages (26 × 16 × 14 cm). Standard laboratory care, wood-chip substrate, water, and food were provided at all times.
Enclosures
Field enclosures were located at the Centre d'Études Biologiques de Chizé (CNRS) near Villiers-en-Bois, France.
The enclosures were open above to an environment of hardwood forest, and contained habitat for mice not greatly dissimilar to barns and farm storage buildings associated with agriculture in the region. While this is typical habitat for house mice, it is less typical for mound-building mice (which generally live in fields), though both species inhabit agricultural areas. Each enclosure consisted of two "rooms", each 1.9 × 2.3 m (total area 8.8 m 2 ), with a small opening (20 cm high × 22 cm wide) between them. The rooms were surrounded by cement walls 1.2 m high and topped by a 20 cm wide band of smooth gypsum plaster (to prevent escape, as mice could easily climb the cement walls). The enclosures were in two parallel rows of 7 each, separated by about 6 m. Each room had a metal box with food (standard laboratory chow) and a water bottle. Each room also contained a number of nest boxes (wood and plastic boxes, 24 × 12 × 10 cm, evenly spaced) that equalled the number of mice. Thus, each enclosure had two food and water boxes and twice as many nests as mice. Nests were provided with cedar shavings, but the mice generally filled favorite nest boxes with oak leaves.
The enclosures were maintained in the same manner for both mound-building mice and house mice.
Treatments
During the summer of 1997, 12 groups of house mice were kept in the enclosures. In the summer of 1998, 13 groups of mound-building mice were kept in the enclosures. Although it was impractical to introduce both species into the enclosures in both years, an effort was made to record data in as similar a manner as possible. Although more rain fell during the experiments in 1998 than in 1997, climatic conditions were well with the range of environments of both species in the wild (C. Baudoin, personal observations). Treatments were assigned to enclosures in pairs in a randomized block design. The treatments were groups of females that were known sisters or very distantly related females (termed unrelated females for convenience; the average kinship was second cousins; Dobson et al. 2000; C. Baudoin, unpublished data) . There were 6 replicates of each treatment for house mice in 1997 and 7 replicates of known sisters and 6 replicates of unrelated females for mound-building mice in 1998. Groups of 2 and 3 females were used because mice were in limited supply. The same numbers of males and females were introduced to each enclosure, but some enclosures had 2 pairs and others 3 pairs. Mice that perished after introduction caused unbalanced designs.
Introduced mice had never bred before and were between 5 and 10 months of age. Each individual was given a pair of individually numbered Monel metal ear tags, one or both of which were coated with coloured fingernail polish. These colour marks allowed individuals to be recognized from a distance during visual inspections inside the enclosures. Enclosures were usually inspected twice daily, in the morning and afternoon. Mice frequently were seen active during daylight hours, and the two inspections appeared to be statistically independent. The door between the two rooms of each enclosure was blocked during inspection so that mice could not avoid detection by running into the other room. Each room was thoroughly inspected, including all nest boxes, a sampling procedure that generally lasted 2 h for all replicates. Further details of spatial sampling are given by Dobson et al. (2000) and Baudoin et al. 
Statistical comparisons
Only mice that survived to the end of the observation periods were included in the study. The numbers of mice in the 2 rooms of an enclosure were compared with a binomial distribution. At random, 2 mice in a dyad would be expected to occur together in the same room in 2 of 4 possible combinations of individual mice and rooms. A normal approximation to deviation from the binomial expectation of 0.5 was made for each dyad (producing a normal deviate, or z score). Because different replicates of treatments contained different numbers of dyads for comparison, the significance of association or disassociation (viz. negative association) was adjusted for the number of dyads: α′ = 1 -(1 -0.05) 1/k , where k is the number of dyads within an enclosure. For example, if 6 dyads occurred in a replicate throughout an experimental period, a z score greater than 2.63 in absolute value was required to indicate a significant positive or negative association (corresponding to α′ = 0.0085). This procedure of conservatively reducing the statistical acceptance level produces a test of association at the α = 0.05 level that has been "adjusted" for the fact that, a priori, 6 comparisons between dyads were planned. Fisher's exact tests and χ 2 tests with Yates' correction were applied to 2 × 2 contingencies. Mann-Whitney two-sample rank tests were used to discern statistical differences between samples of proportions. These procedures are described by Bailey (1959) , Sokal and Rohlf (1981) , and Siegel and Castellan (1988) .
Ethical note
The design of our enclosures and monitoring procedures left mice unconstrained, and adult mice were not directly handled during the experiments. Thus, it was not possible to detect most aggressive behaviours, or to intervene during interactions among adults or when infanticide events occurred (the latter occurred in house mice; Dobson et al. 2000) . However, densities of mice were relatively low compared with those in laboratory experiments, and multiple nesting sites were provided where individuals might escape attacks or attempt to defend offspring. At the end of the experiments or after mice gave birth in the laboratory after removal from the field enclosures, they were euthanized in a warm dark chamber with an atmosphere of ether. Animals were cared for in accordance with the principles and guidelines of the Canadian Council on Animal Care.
Results
Observations of mound-building mice were included only after at least one pair had established a nest (indicated by accumulation of nest material and consistent use of a particular nest box), and nest establishment always preceded impregnation date. Nest establishment took 8.4 ± 7.3 days (mean ± SD; N = 13 pairs). Partly because of this variation, observation periods lasted between 36 and 58 days (42.4 ± 7.1 days; mean ± SD; N = 13). Births occurred, on average, 31.5 days after a nest was formed (minimum = 23 days; ±10.1 days (±SD); N = 6), so the periods of gestation and lactation were included. All replicates included at least one nest, and 2 replicates had two nests. In house mice, impregnations occurred soon after mice were introduced into enclosures, and replicates were observed for 40 days after introduction (Dobson et al. 2000) . Births occurred, on average, 24.1 days after house mice were introduced into the enclosures (minimum = 20 days; ±2.4 days (± SD); N = 25), and again the periods of gestation and lactation were included.
Survival of mice during the experiments differed between the species. In mound-building mice, 51.5% of 33 males and 66.7% of 33 females survived to the end of the observation periods in the enclosures (Table 1 ; χ 2 = 1.0, P ≈ 0.32). In house mice, 41.4% of 29 males and 100% of 29 females survived to the end of observation periods in the enclosures (males and females were significantly different; Fisher's exact test, P < 0.0001). Male mound-building mice and male house mice did not differ in survival (χ 2 = 0.3, P >> 0.77), but survival of female mound-building mice was poorer than that of female house mice (Fisher's exact test, P < 0.0004). Sources of mortality could not be observed, but wounding of house mice suggested that one source may have been intraspecific aggression (Dobson et al. 2000) .
Patterns of significant positive spatial association were indicated by mice sharing a room of an enclosure significantly more often than expected by chance (see Methods). In mound-building mice, positive associations occurred primarily between males and females (Table 1) . About 58.1% (18 of 31) of the possible associations between males and females (viz. 31 male-female dyads) were significantly positive, as opposed to 40.0% of 5 possible associations between males and 18.2% of 11 possible associations between females (proportion of significant male-female associations greater than the proportion of combined significant malemale and female-female associations; χ 2 = 10.2, P < 0.005). Sisters and unrelated females did not differ significantly in the proportion of significant positive associations with males (50.0% of 22 dyads and 77.8% of 9 dyads, respectively; Fisher's exact test, P ≈ 0.15), nor did the proportion of significantly positive associations differ greatly between sisters and unrelated females (22.2% of 9 dyads and 0.0% of 2 dyads, respectively; Fisher's exact test, P ≈ 0.65). Of the 47 total possible dyads, 29.8% exhibited significant negative spatial associations.
In house mice, patterns of significant positive association were primarily exhibited by sisters ( Table 1 ). All of 10 possible sister-sister dyads exhibited significant positive spatial associations, whereas only 8.3% of 12 dyads between unrelated females and 6.9% of 29 dyads between males and females exhibited significant positive associations (proportion of significantly positive male-female dyads lower than for mound-building mice, χ 2 = 8.0, P < 0.01). Negative associations between dyads of house mice were uncommon, with only 7.8% of the total of 51 possible dyads exhibiting significant disassociations (proportion of significantly negative dyads lower than for mound-building mice; χ 2 = 6.4, P ≈ 0.01). Two comparisons appeared to show the greatest difference between the species. First, in mound-building mice, significant positive and negative associations appeared to be common between the many dyads of males and females that occurred at the end of the experiments (Fig. 1) . In malefemale dyads of mound-building mice, 18 were significantly positively associated (Table 1 ) and were found in the same room of the enclosures, on average, 79.9% of the time (mean with equal weight given to each dyad). Another 8 malefemale dyads were significantly negatively associated and were found in the same room of the enclosures 23.3% of the time (significantly different from the previous group; MannWhitney test, U = 0, P < 0.0001). House mice, on the other hand, exhibited few significant positive or negative associations of males and females (Table 1) , and 29 dyads were found in the same room of the enclosures, on average, 52.8% of the time, a value close to the random expectation of 50% (significantly different from both of the above groups of mound-building mouse dyads ; Mann-Whitney test, U = 15, P < 0.0001; U = 0, P < 0.0001).
The second comparison was of significant positive spatial associations of sisters versus unrelated females in house mice (Fig. 2) . In the 10 significantly positively associated dyads of sister house mice, they were found in the same room of the enclosures, on average, 73.4% of the time (mean with equal weight given to each dyad). The 12 dyads of unrelated females were found in the same room of the enclosures 49.7% of the time, a value close to the random expectation of 50% (these dyads differed significantly from the sister group above; Mann-Whitney test, U = 6, P < 0.001). Ten female-female dyads of mound-building mice, which did not differ in pattern between sisters and unrelated females, were found in the same room of the enclosures, on average, 45.1% of the time, again not very different from the random expectation of 50% (though significantly different from the sister-sister dyads of house mice; Mann-Whitney test, U = 16, P < 0.01).
Discussion
We kept mice in seminatural field enclosures in a modified "common garden" experiment, and both mound-building mice and house mice exhibited spatial associations typical of their putative monogamous and polygynous societies. Moundbuilding mice exhibited spatial and grouping associations consistent with family units of a single paired male and female. Males and females are not socially tolerant of strangers, but form close cooperative associations over time, primarily with an individual of the opposite sex Baudoin 1998, 2000) . In our enclosures, the "bond" between male and female was also reflected by frequent nest-sharing (viz. temporal co-occurrence in a nest box; Baudoin et al.
2 ). House mice, on the other hand, exhibited spatial associations of groups of related females. Males are territorial and attach themselves to such groups of females (Davis 1958; Crowcroft and Rowe 1963; Mackintosh 1981) . Female house mice form cooperative reproductive groups, probably based on kinship (Wilkinson and Baker 1988; Manning et al. 1992; Dobson et al. 2000) . Communal nursing of young in such groups results in high reproductive success (König 1993 (König , 1994a Dobson et al. 2000) . When kin are not available, however, breeding females can form cooperative breeding groups with unrelated females (König 1994b) .
Mound-building and house mice thus differ in their social characteristics. In the field, they also differ in their ecological characteristics. Mound-building mice are not commensal with human habitation, but are common in agricultural fields (Sokolov et al. 1998) . Recently, however, house mice (M. m. musculus) have been observed in sympatry with mound-building mice, with the two species inhabiting the same agricultural fields (P. Gouat, personal communication). House mice are facultative human commensals, but they also occupy agricultural fields adjacent to human habitation and agricultural buildings (e.g., Crowcroft and Rowe 1963; Krasnov 1988; Wilkinson and Baker 1988) . Given the ability of the two species of mice to occupy similar habitats and to live and reproduce in the enclosures, it was reasonable to compare them with respect to differences in their spatial associations. Specifically, we asked whether, given the similar physical and initial social circumstances of the mice, behavioural differences (reflected by differences in spatial association) were likely to reflect genetic differences between these putative monogamous and polygynous species.
While we began the two experiments with similar combinations of 2 or 3 pairs of mice, the two species quickly came to reflect different patterns of social association. For one thing, female house mice survived exceptionally well in the enclosures, while only 1 male house mouse survived in each enclosure. In mound-building mice, survival of females was more variable among enclosures, but a general pattern of survival of 1 strongly associated nesting pair formed in over The random binomial expectation was 50%. Female-female dyads of mound-building mice (M. spicilegus) were rarely significantly associated (see Table 1 ), so all dyads were pooled. Female-female dyads of house mice (M. m. domesticus) are shown that were either sisters ("kin") or unrelated ("non-kin"). Averages (horizontal bars) ±2 standard errors (vertical bars) are shown; numbers above the bars are sample sizes. The random binomial expectation was 50%. Male-female dyads of mound-building mice (Mus spicilegus) are shown that were significantly associated either positively ("paired", indicating paired males and females) or negatively ("avoid"). Male-female dyads of house mice (Mus musculus domesticus) were rarely significantly associated (see Table 1 ), so all dyads were pooled. Averages (horizontal bars) ±2 standard errors (vertical bars) are shown; numbers above the bars are sample sizes.
half of the enclosures (Table 1 , Fig. 1 ). This social group appears to be most common in mound-building mice, although trios of a male and 2 females or 2 males and a female can also occur (Baudoin et al. 2 ). However, the fact that social groups of female house mice were made up of closely spatially associated dyads of sisters was striking (Table 1, Fig. 2) . Groups of sisters were more likely to rear their young cooperatively in a single nest, and thus perhaps suffered less infanticide than unrelated females (Dobson et al. 2000) .
Given the similar physical environment of the enclosures, we suggest that differences in spatial associations of the two mouse species, and the social differences implied by these associations, reflect differences in the underlying genetic makeup of the species. Mound-building mice and house mice likely have different behavioural-genetic templates that underlie their differences in social behaviour. These behavioural differences are reflected by the very different ways in which the species perform during tests of sexual preference, paternal care, and social interactions in the laboratory Baudoin 1998, 2000; Patris et al. 2002) . The differences in spatial associations that we found under much less constrained environmental conditions in nature confirmed differences in patterns of social behaviour suggested by laboratory-based studies.
In house mice, laboratory studies indicated that kinship does not strongly affect breeding of co-housed kin versus non-kin females (Maestripieri and Rossi-Arnaud 1990; König 1993 König , 1994b . In the field and in seminatural enclosures, however, close kin might predominate in polygynous social groups (Wilkinson and Baker 1988; Manning et al. 1992) . While the behavioural mechanisms of formation of female kin groups of house mice require more investigation, such groups clearly can have substantial reproductive advantages (König 1994a; Manning et al. 1995; Dobson et al. 2000) . It is clear from laboratory studies of mound-building mice that the male-female bond and paternal care of offspring might have an important influence on reproductive success in this species Baudoin 1998, 2000; Patris et al. 2002) . Thus, for both species, reproductive success may well depend on alliances and cooperation, but among female kin groups in house mice and strongly bonded male-female pairs in mound-building mice.
